A robust Agrobacterium -mediated transformation procedure was developed for Rigel, a commercial cultivar of evening primrose, and used to deliver a cDNA encoding a ∆ 
Introduction
Evening primrose ( Oenothera sp.) is grown commercially for its seed oil, which contains a high proportion of polyunsaturated fatty acids (PUFAs), including γ -linolenic acid (GLA, 18:3 ∆ 6, 9, 12 ) (Hudson, 1984; Kies, 1989; Mukherjee and Kiewitt, 1987) . GLA is an essential fatty acid of major importance in animal cells, but is relatively uncommon in plants. It is found at significant levels in only a few (taxonomically unrelated) species, including evening primrose, blackcurrant ( Ribes nigrum ) and borage ( Borago officinalis ) at approximately 10%, 15% and 20%, respectively, in their total seed (oil).
GLA is increasingly being used as a food supplement and has potential for pharmaceutical applications in the treatment of medical conditions, such as diabetes, eczema, inflammation, stress-related disorders, cardiovascular disease and cancer (Barre, 2001; Horrobin, 1987 Horrobin, , 1992 Horrobin and Lapinskas, 1993; Horrobin and Morse, 1995; Lapinskas, 1993) . Evening primrose and borage are currently the primary agricultural sources of GLA; however, neither species is ideal for commercial oil production as they have low yields in comparison with conventional (agronomically adapted) oil crops (Fieldsend, 1995) .
Transgenic approaches to engineer GLA production in both model and agriculturally adapted seed oil crops have been successful. Tobacco plants over-expressing a fatty acid ∆ 6 -desaturase from cyanobacteria or from borage led to the accumulation of GLA and octadecatetraenoic acid (OTA, 18:4 ∆ 6, 9, 12, 15 ) in leaves (Reddy and Thomas, 1996; Sayanova et al ., 1997) . The expression of ∆ 6 -desaturase enzymes from the fungus Pythium irregulare or Mortierella alpine , both under the control of seed-specific (napin) promoters, resulted in high levels of GLA in seed lipids of the high-yielding oil crops Brassica juncea (Hong et al ., 2002) and Brassica napus (Liu et al ., 2001) , respectively. The obvious advantages of using food crops, such as canola, to produce pharmacologically active compounds include the predictably high yields and the availability of efficient cultivation and harvesting systems. However, the commercial growing of commodity food crops that have been genetically modified with pharmacologically active compounds has been criticized, and there is increasing pressure from regulatory authorities and food producers to keep pharmaceutical crops entirely separate from the food supply (Fox, 2003) .
The approach taken here was to genetically enhance the GLA content of the non-food, medicinal plant, evening primrose, which is already specifically cultivated for its highvalue fatty acids and for which there is a dedicated cultivation, extraction and packaging pipeline. To pursue this approach, it was first necessary to develop a tissue culture and transformation protocol for a commercial Oenothera sp.
variety. It has been demonstrated previously that noncommercial Oenothera sp. accessions are amenable to in vitro micropropagation, including the production of undifferentiated, slow-growing callus (Skrzypczak et al ., 1994) , and protocols for regenerating other evening primrose model cultivars (e.g. O. hookeri ) from leaf protoplasts have been developed (Kuchuk et al ., 1998 We describe here the first Agrobacterium -mediated genetic transformation of a commercial cultivar of Oenothera sp.
(Rigel) with a cDNA encoding a fatty acid ∆ 6 -desaturase (Sayanova et al ., 1997) . Fatty acids extracted from leaves of transformed plants were shown to accumulate GLA and OTA to 28% of total fatty acids, with none found in untransformed controls. Although no change in the fatty acid profile was observed in seed tissues, this report demonstrates the potential for the use of targeted expression of the borage ∆ 6 -desaturase gene to enhance the proportion of high-value fatty acids in evening primrose seed oil.
Results

Selection
To determine the selection pressure appropriate for transformation experiments, the natural level of resistance of Table 1 The presence of the transgenes ∆
6
-desaturase and nptII was tested in all lines by polymerase chain reaction (PCR). Southern analysis was performed on lines selected for fatty acid analysis to confirm the presence of the intact borage ∆ 6 -desaturase transgene in those lines and to give an estimate of the copy number were confirmed by the Eco RI digest, which was expected to
give the same number. The T-DNA copy number in the transgenic lines ranged from one to more than six (Table 1 and Figure 1a ). No obvious morphological differences were observed between transgenic and control plants at any stage.
Analysis of fatty acids in transgenic plants
Fatty acid methyl esters (FAMEs) of leaf extracts from five independent transgenic lines were analysed by gas chromatography (GC), and the levels of C18 PUFAs were quantified.
This analysis revealed an altered profile of C18 PUFAs in all transgenics, but no significant difference in the total PUFA content between transgenics and controls. Two additional fatty acids (GLA and OTA) were present in the leaves of all the transgenic lines tested, but were absent in the untransformed controls ( Figure 2 ). ) and α -linolenic acid (ALA, 18:3 ∆ 9, 12, 15 ). We also determined whether cauliflower mosaic virus (CaMV) 35S-driven expression of the borage ∆ 6 -desaturase resulted in the accumulation of GLA and / or OTA in seeds and older leaves. One line (R01) which had good fertility, a 3 : 1 transgene segregation ratio and showed marked changes in fatty acid levels was selected for further characterization. Analysis revealed that the increased levels of GLA and OTA in the young leaves of this line were unchanged as the leaves matured (Table 2) . We also examined the levels of GLA in the seeds of transgenic evening primrose line R01.
There was no increase in the levels of GLA in the seeds ( Table 2 ). This was likely to be a consequence of the reduced activity of the 35S promoter in seed tissues, rather than any intrinsic lack of function of the borage enzyme in this tissue. 
Discussion
It has been demonstrated that biotechnological approaches can be used to produce significant quantities of GLA in highyielding oil seed crops, such as Brassica juncea and Brassica napus , and in model species such as tobacco that do not normally synthesize this fatty acid (Hong et al ., 2002; Liu et al., 2001; Reddy and Thomas, 1996; Sayanova et al., 1997) .
However, the use of commodity food crops to produce pharmacologically active compounds has been criticized (Fox, 2003) . We investigated the possibility of enhancing the levels of GLA in a non-food species already grown commercially for its pharmaceutically active seed oil. The evening primrose ); ALA (α-linolenic acid, 18:3∆ 9, 12, 15 ) and OTA (octadecatetraenoic acid 18:4∆ 6, 9, 12, 15 ). The values represent the average of four independent samples and are presented as mol.% of total fatty acids. The standard error for all measurements was < 3%. this was in contrast with that observed with the ectopic accumulation of euric acid in Arabidopsis (Millar et al., 1998) -desaturated fatty acids in the seeds of transgenic tobacco was also observed when the CaMV 35S promoter was used (Reddy and Thomas, 1996; Sayanova et al., 1997 Sayanova et al., , 1999 , and is probably due to a lack of transgene transcription in this tissue.
It has been reported previously that the CaMV 35S promoter is generally not active in immature cotyledons / endosperm and only weakly active in mature seed tissues (Benfey and Chua, 1989; Benfey et al., 1990; Sunilkumar et al., 2002; Terada and Shimamoto, 1990) . When seed-specific promoters were used to direct the expression of a ∆ 6 -desaturase cDNA in Brassica juncea and Brassica napus, a significant increase in GLA in the seeds (25 -40% and 43%, respectively) was observed (Hong et al., 2002; Liu et al., 2001) . With suitable seed-specific promoters, it may be possible to achieve similar increases in GLA in seeds of transgenic evening primrose.
In summary, we have developed a successful method to transform a commercial evening primrose variety and have demonstrated that over-expression of the borage ∆ 6 -desaturase cDNA results in an increase in the GLA and OTA content in leaves. The obvious next step is to test whether the same cDNA, under the control of a seed-specific promoter, leads to the significant accumulation of GLA in evening primrose seeds.
Experimental procedures
Plant material
Cotyledons and young leaves from 4-week-old in vitrogerminated seedlings of evening primrose (Oenothera sp.), variety Rigel (supplied by Scotia Pharmaceuticals Ltd), were used as an explant source for genetic transformation. The variety Rigel is a hybrid between different Oenothera species; precise definitions of species in this genera are subject to debate by taxonomists, and hence Oenothera sp. is used here (the full provenance of Rigel is given as Supplementary Material). Rigel was chosen specifically because of its commercial importance, its relatively high GLA content, and because, in previous experiments, we found that it demonstrated high vigour in regenerative in vitro tissue culture (Mendoza de Gyves et al., 2001) .
Plasmid and Agrobacterium strain
The plasmid pNTdes6, based on pBIN19, contained an nptII gene for plant selection (Bevan, 1984) and a tandem repeat of the borage ∆ 6 -desaturase cDNA under the control of the CaMV 35S promoter and Ω-enhancer (as described by Sayanova et al., 1997) within the T-DNA borders. The
A. tumefaciens hypervirulent strain AGL1 (Lazo et al., 1991) , previously shown to be effective at transferring T-DNA to recalcitrant tissue such as wheat (Amoah et al., 2001; Wu et al., 2003) , was transformed with pNTdes6 by electroporation according to Shen and Forde (1989) . The bacteria were grown in MG / L medium ( Tingay et al., 1997) with 200 mg / L carbenicillin and 100 mg / L kanamycin.
Plant tissue culture media
Five media formulations were used in the transformation and tissue culture protocols ( Table 3) 
PCR and Southern analysis
Young leaves (surface area, 10 -15 cm 2 ) from putative transgenic plants were ground under liquid nitrogen using a pestle and mortar. Genomic DNA was isolated and purified using the cetyltrimethylammonium bromide (CTAB) extraction method (Stacey and Isaac, 1994) . PCR analysis of putative transformants was performed using unique primers designed to the borage ∆ 6 -desaturase sequence (Sayanova et al., 1997) . For Southern analysis, genomic DNA (5 µg) from PCR-positive plants was digested overnight with EcoRI, XbaI or BamHI and separated by electrophoresis on a 0.7% agarose gel in tris borate EDTA (TBE). The DNA fragments were transferred to a nylon membrane, hybridized to a PCR-derived probe designed to the borage ∆ 6 -desaturase sequence, and then visualized using the DIG chemiluminescent detection method (Boehringer Mannheim).
The hybridization and washing conditions used were those recommended by the membrane manufacturer and / or the DIG kit protocol.
Fatty acid analysis
Lipids were extracted from young and mature leaves and from the seeds of transformed and control plants by homogenization in MeOH-CHCl 3 using a modification of the method of Bligh and Dyer (1959) . The samples were transmethylated with 1 M HCl in methanol at 80 °C for 90 min. FAMEs were extracted in hexane. The analysis, detection and quantification of individual FAMEs were performed as described previously (Sayanova et al., 1997) . 
